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In this paper, the phase-stepping technique is applied to improve a phase-sensitive surface plasmon res-
onance biosensor based on differential interferometry between focused radially polarized and azimu-
thally polarized cylindrical vector beams. Detailed analysis is presented for the phase-stepping
method, and the least squares unwrapping algorithm is employed to detect the phase distribution in
correspondence to the refractive index of sample. Benefiting from the phase-stepping technique, both
the measurement speed and sensitivity are improved significantly. The proposed sensor maintains high
sensitivity of 9.4 x 107 RIU/1° and a wide dynamic range of 0.35 RIU simultaneously. Furthermore, the
real-time binding reaction process of bovine serum albumin with antibody is monitored to verify the

system for potential biological applications. © 2014 Optical Society of America
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Surface plasmon resonance (SPR) has drawn much
attention because it is highly sensitive to perturba-
tions in the surrounding medium, consequently mak-
ing SPR significant for a host of optical sensing
applications [1,2]. Over the past two decades, SPR
biosensors have widely been employed for detection
of assays in basic biological, materials science,
pharmaceutical products, clinical diagnostics, envi-
ronmental, and agricultural sampling kits [3].
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Among four different detecting mechanisms of
SPR biosensors based on intensity, angle, spectrum,
and phase, respectively, the phase-sensitive biosen-
sors usually provide the highest phase sensitivity
due to a much more intense probing electric field
in the region of maximal phase variation compared
with that of the amplitude change and much lower
level of phase noises compared to amplitude noises
[4,5]. With the help of the interferometric technique,
which is extremely popular for optical phase detec-
tion [6,7], the sensitivity limit of phase-sensitive
SPR biosensors was further improved, and thus
resolution of 1078 RIU or better had experimentally
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been achieved in phase-sensitive SPR biosensors
[8-13]. However, the dynamic range of these SPR
biosensors is only around the order of 10-3-10~* RIU,
which is too narrow and strongly limits their practi-
cal applications [1]. To improve an SPR sensor with
both high sensitivity and wide dynamic range, sev-
eral techniques have been demonstrated, such as
photo-elastic modulate [14] and cylindrical lens
[13]. Recently we reported a new phase-sensitive
SPR biosensor with both high sensitivity and wide
dynamic range, based on differential phase measure-
ment between radially polarized (RP) and azimu-
thally polarized (AP) cylindrical vector beams in a
high numerical aperture (NA) objective-focusing con-
figuration [15]. In this paper, we apply the phase-
stepping and phase-unwrapping techniques to refine
and further improve the phase detection of the SPR
sensing system. Compared with the sinusoidal curve
fitting method to extract phase in fringe analysis re-
ported in our earlier work [16], the phase-stepping
method not only increases the measurement speed
but also improves the measurement sensitivity.
Combining an angular mechanism with phase detec-
tion, the proposed biosensor system maintains the
unique advantages in terms of both high sensitivity
of 9.4x 1077 RIU/1° and wide dynamic range of
0.35 RIU at the same time.

A schematic of the experimental setup of our SPR
biosensor system is shown in Fig. 1. The excitation
source is a linearly polarized He—Ne laser at the
wavelength of 633 nm, converted to circularly polar-
ized light with a 1/4 wave plate. Then an AP beam is
generated with the wave-train suppression tech-
nique applying a microfabricated spiral phase plate
and an azimuthal-type analyzer (AA) [17]. Two half-
wave plates are used to convert the generated AP
beam into a mixed RP and AP beam with an included
angled of 37/8 [15]. It follows that a Michelson inter-
ferometer is incorporated in the system to perform
differential phase measurement between RP and
AP beams. The signal beam of interferometer is
tightly focused onto the glass-gold interface by an
oil immersion objective lens with an NA of 1.49. A
45 nm (+2 nm) gold film, which is well optimized

" Objective lens
N.A=1.49

Ll T =
D] o \ e — /e
| Beamsplitter A 4

Electric translation stage
Telescopeisyste:
|
I H
b= :
Mirror Mirror
% wave plate Polarizer

¥ wave plate AA SPP

Diaphragm
Experimental setup
Fig. 1. Experimental setup for measuring the differential
phase between RP and AP beams in an inverted microscope
configuration.

to provide a sharp phase jump, is deposited onto
the glass substrate. In the reference arm, however,
the beam directly incidents on a silver mirror
mounted on the end of a piezoelectric transducer
(PZT). We control the accurate position of the PZT
with step of 79 nm (about 1/8). In the output path,
a polarization analyzer, which consists of the beam
splitter, AAs, and the polarization rotator, is used
to separate the exit beam into RP and AP light.
Two synchronized CCDs (1280 x 960, Point Grey
Research, Flea 2) are used to capture the signals
of RP and AP light. Digitalized intensity data are
then processed in a personal computer to deliver the
differential phase information with a fringe-analysis
and phase-extraction program.

In the proposed high NA focusing configuration,
RP and AP beams are rotational symmetric trans-
verse magnetic (TM) and transverse electric (TE)
polarized with respect to the surface, respectively.
Because of the coupling of the focused RP component
(TM) to surface plasmon (SP) mode at the typical res-
onance angle, a dark ring formed at the back focal
plane is captured by the CCD, as shown in Fig. 2(a),
where the ratio of the dark ring to the outside
boundary corresponds to the sample’s refractive in-
dex. A related study has shown that the near-field
distribution of the excited SP on the dielectric-metal
interface takes the form of an evanescent Bessel
beam, with a full-width half-maximum of 0.3431
for central peak [18]. The three-dimensional electric
field distribution of SP is calculated with the Ri-
chards and Wolf theory [19,18], as shown in Fig. 2(b).
The central peak can be used to detect the refractive
index information of the sample and also to noninva-
sively probe the structure and to examine the
dynamics around the contact regions of cells. These
cell-substrate contact regions are of significant inter-
ests in cell biology, such as understanding of the
mechanisms for cell motility and the structural
organization of cell surface receptors in response
to external signals [20]. Although the shift of dark
ring can be utilized to detect the change of the
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Fig. 2. (a) Image captured on the CCD. The inner dark ring cor-
responds to the SPR excitation. (b) RP beam focused on a planar
metallic surface enable an evanescent Bessel SP wave. (c) Get six
different interferometry images through phase stepping method.
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sample’s refractive index this detection is limited by
the pixel size and number of CCD. When the change
of the sample’s refractive index is smaller than
10~4 RIU, the shift of the dark ring is smaller than
one pixel; hence the slight change of refractive index
could not be distinguished in CCD. In contrast, based
on the phase detection technique, even the shift of
the dark ring is smaller than one pixel; the phase
change can be detected to measure the slight change
of refractive indices. So we can use the interferom-
etry method to obtain the interferograms [such as
Fig. 2(c)] by adjusting the distance between the
microscopic objective and the gold film to get a fixed
number of fringes for refractive index detection. This
method could also increase the signal-to-noise ratio
(SNR) because the proper algorithms are chosen.

Here, the temporal phase stepping method is intro-
duced to detect the phase change. Compared with the
sinusoidal curve fitting method reported in our ear-
lier work [11], the phase-stepping technique not only
increases the measurement speed but also improves
the measurement sensitivity. Different steps of the
phase-stepping method are compared; the six-step
phase stepping method can effectively reduce the
linearity error, quadratic error of the PZT, and the
second error of the detector [21,22]. In this method,
six frames of the interferogram are recorded sequen-
tially when the phase of reference beam shifts by a
step of z/2 between every two successive frames,
as shown in Fig. 2(c). While the dark ring position
is not changed, only the PZT modulated phase
changes accompany with the stripe moving. Then
the initial phase distribution ¢(x,y) in interferogram
is calculated from the intensity distributions of six
phase stepping interferograms with the following
formula [23]:

81, + 4I; - I
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where I — I5 denote the intensity distribution of the
six phase-stepping interferograms sequentially. The
phase distribution acquired directly from Eq. (1) is
wrapped in the range of (-7~ ). To restore the
detected phase beyond the range, the phase-
unwrapping algorithm is essentially employed in the
data process. Here, the least squares method is used
to unwrap the phase. We find that it is robust in
terms of SNR and the minimum difference between
the original phase and the final phase with re-
envelope is guaranteed [24].

The interferogram of RP and AP beams is captured
with two synchronized CCDs (as shown in Fig. 1).
With six-step displacement of PZT, six successive im-
ages are recorded independently to detect the phase
distribution, as shown in Figs. 3(a) and 3(b). The ob-
vious difference between them appears in the dark
ring position where the phase jump occurs corre-
sponding to the resonance angle of SP. The overall
phase distribution is relatively flat except for edge
burrs caused by noise. With the measurement of

838 APPLIED OPTICS / Vol. 53, No. 5 / 10 February 2014

RP phase distribution AP phase distribution

k...:\ —~

17461421

(C )200 400 F::; o, 800 1000 ( d) 160 170 I:;el No!}QU 200 210

Fig. 3. Phase distributions of (a) RP interferogram and (b) AP in-
terferogram. The sample is air. The bottom grayscale figure is the
interferogram and the top colorful figure is the corresponding
phase distribution. (c) Phase distributions of RP and AP at a line
across the center of interferogram; the refractive index of sample is
n = 1, 1.333 RIU. Phase jump occurs in the position of dark ring.
(d) Phase distributions of RP and AP around the phase jump (dark
ring) region; the refractive index of sample is n = 1.333,
1.3331 RIU.

X Plx | No. 480

—-—Rp(n 1.333)
—— Ap(n=1.333)

——Rp(n=1.3331)
—— Ap(n=1.3331)

——Rp(n=1)
——Ap(n=1)
——Rp(n=1.333)
——Ap(n=1.333) _J
e

500

100

70.05838

a
g

Phase Jump
-500

Phase (degree)
°

Phase (degree)

a
8

-1000

3
8

phase difference between RP and AP, environmental
disturbance is eliminated and hence greatly im-
proves the accuracy of phase measurement for
sensing. When two samples have great difference
in refractive indices, for example n; = 1 RIU and
ny = 1.333 RIU, as shown in Fig. 3(c), the position
of phase jump locates in two distant pixels in CCD
image; thus a wide dynamic range for measuring re-
fractive index can be obtained according to the phase
jump at different pixels. When two samples have a
tiny difference in refractive indices, for example,
n; = 1.333 RIU and ns = 1.3331 RIU as shown in
Fig. 3(d), the position of phase jump locates in the
same pixel but with a variation of phase jump value;
thus their slight difference in refractive indices can
be measured by different phase jump values at the
same pixel. As a result, with a 1.49 NA focusing
objective lens, we can achieve either a wide-range
measurement of refractive indices from 1 to
1.35 RIU at different pixels in CCD or a more exact
detection in a small range of approximately
0.0012 RIU at single pixel.

To verify the improved performance of the pro-
posed sensor, we measure a series of different con-
centrations of alcohol and water mixed solutions,
ranging from 0.015% (1.333009 RIU) to 0.24%
(1.333132 RIU) with a small increment of 0.015%
(0.000009 RIU). Sample fluids with three different
concentrations are simultaneously drived with the
Syringe Pump (BASi, MD-1001) that enables smooth
and constant flow at precisely controlled rates rang-
ing from 0.001 to 500 pL/ min. The injection of sam-
ple fluids into the microchannel is controlled with a
syringe selector (BASi, MD-1508), able to quickly tog-
gle one syringe to the next without interrupting flow
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Fig. 4. (a) Differential phase measurements versus refractive in-
dex of different solutions mixed of alcohol and water. (b) Real-time
measure of the process of bovine serum albumin (BSA) binding
reaction with antibody by phase detection.

or introducing air bubbles into the system. Such a
controlling system of flows eliminated the pressure
change that results from the short stop of the syringe
when changing the solution as well. During the ex-
periment, the CCD is operated in the mode of 16 bits
to improve the angular resolution. The active ther-
mostating elements with minimum accuracy up to
0.01° controlled by PID mode is also adopted to tackle
with the temperature drift problems. The measured
result is shown in Fig. 4(a), where each data point is
obtained by averaging three consecutive measure-
ments with high stability in the time domain, based
on only average the left-most and the right-most
points distributed symmetrically on along the dark
ring in a single measurement, and we also linearly
fit the experiment data. The sensitivity of the pro-
posed sensor is obtained as 9.4 x 1077 RIU/1° due
to the sensitivity being the inverse of the slope of lin-
ear fit of diff-phase, and if we get a higher phase res-
olution, the ultimate sensitivity limit would be lower.
In Fig. 4(b), due to fast measurement speed, we are
able to carry out real-time study of binding reaction
process of bovine serum albumin (BSA) with anti-
body, where the BSA is firstly covered on the surface
of gold film as antigen. Then the EGF antibody (non-
specific antibody) or BSA antibody (specific antibody)
with a concentration of 0.1 yg/ml is injected into the
micro-cell at a speed of 100 x// min. We have clearly

observed that the specific antibodies reaction with
BSA in a slow-rise process and finally get a plate.
The rise time is about 50 min to achieve the overall
phase shift of about 25°, indicating a specific anti-
body binding with the BSA. The detection sensitivity
of the system can be further improved with optimized
thickness of metal films, more stable mechanical
structure, and appropriate temperature controlling
system in future.

1. Conclusion

In this paper, we applied the phase-stepping tech-
nique to improve a microscopic configuration based
differential phase measurement SPR biosensor
between radially and AP beams. A six-step phase-
shifting method is utilized to extract accurate phase
change with an optimized phase unwrapping algo-
rithm. Compared with the previous sinusoidal curve
fitting method, the phase-stepping technique in-
creases both the measurement speed and sensitivity.
The feasibility of the system is fully verified through
measuring different proportions of alcohol and water
mixture and real-time monitoring of BSA and anti-
body reaction process. The proposed system combines
angular mechanism with phase detection, maintain-
ing both high sensitivity of 9.4 x 10-"RIU/1° and a
wide dynamic of 0.35 RIU simultaneously.
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